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Abstract 19 
Knowledge of hydration status may contribute to hypohydration-induced exercise 20 
performance decrements, therefore, this study compared blinded and unblinded 21 
hypohydration on cycling performance. Fourteen trained, non-heat acclimated cyclists 22 
(age 25 ± 5 y; V̇O2peak 63.3 ± 4.7 mL∙kg-1∙min-1; cycling experience 6 ± 3 y) were pair-23 
matched to blinded (B) or unblinded (UB) groups. After familiarisation, subjects 24 
completed euhydrated (B-EUH; UB-EUH) and hypohydrated (B-HYP; UB-HYP) trials 25 
in the heat (31˚C); 120 min cycling preload (50% Wpeak) and a time trial (~15 min). 26 
During the preload of all trials, 0.2 mL water∙kg body mass-1 was ingested every 10 27 
min, with additional water provided during EUH trials to match sweat losses. To blind 28 
the B group, a nasogastric tube was inserted in both trials and used to provide water 29 
in B-EUH. The preload induced similar (P=0.895) changes in body mass between 30 
groups (B-EUH -0.6 ± 0.5%; B-HYP -3.0 ± 0.5%; UB-EUH -0.5 ± 0.3%; UB-HYP -3.0 31 
± 0.3%). All variables responded similarly between B and UB groups (P≥0.558), except 32 
thirst (P=0.004). Changes typical of hypohydration (increased heart rate, RPE, 33 
gastrointestinal temperature, serum osmolality and thirst, decreased plasma volume; 34 
P≤0.017) were apparent in HYP by 120 min. Time trial performance was similar 35 
between groups (P=0.710) and slower (P≤0.013) with HYP for B (B-EUH 903 ± 89 s; 36 
B-HYP 1008 ± 121 s; -11.4%) and UB (UB-EUH 874 ± 108 s; UB-HYP 967 ± 170 s; -37 
10.1%). Hypohydration of ~3% body mass impairs time trial performance in the heat, 38 
regardless of knowledge of hydration status.  39 
 40 
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New & Noteworthy 43 
This study demonstrates, for the first time, that knowledge of hydration status does not 44 
exacerbate the negative performance consequences of hypohydration when 45 
hypohydration is equivalent to ~3% body mass. This is pivotal for the interpretation of 46 
the many previous studies that have not blinded subjects to their hydration status and 47 
suggests that these previous studies are not likely to be confounded by the overtness 48 
of the methods used to induce hypohydration.  49 
  50 
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Introduction 51 
Evaporation of sweat from the skin is the primary mode of heat loss during endurance 52 
exercise in temperate and warm environments, with hypohydration developing when 53 
sweat losses exceed fluid intake. Previous research has clearly demonstrated 54 
endurance exercise performance and capacity are impaired when hypohydration 55 
exceeds 2% of body mass (14). Although the body of literature demonstrating this is 56 
extensive, the methods used to explore the effects of hypohydration on performance 57 
(e.g. fluid restriction, heat exposure, diuretic administration etc.) potentially influence 58 
the outcomes. The overtness of these methods means subjects are aware of how their 59 
hydration status has been manipulated. Given athletes perceive hypohydration to 60 
negatively impact exercise performance (40, 46), the ergolytic effects of hypohydration 61 
in previous studies might, at least partially, be caused by subjects’ preconceived 62 
thoughts (i.e. a placebo/nocebo effect; 33). 63 
To address this issue, more recent research has blinded subjects from their hydration 64 
status (2, 12, 28, 50). These studies have used two different methods to manipulate 65 
hydration status; 1) intravenous delivery of isotonic fluids (12, 50) and 2) intragastric 66 
delivery of water via a gastric feeding tube (2, 28). Interestingly, the different methods 67 
appear to induce divergent physiological and performance responses. Studies using 68 
intragastric rehydration with water, combined with standardised oral rehydration, 69 
report blinded hypohydration to impair performance (2, 28), whilst those using 70 
intravenous rehydration with isotonic saline do not (12, 50). Importantly, manipulating 71 
hydration status via intravenous rehydration with isotonic saline meant serum 72 
osmolality (12, 50) and thirst sensation (50) remained elevated at levels equivalent to 73 
hypohydration, irrespective of hydration status. Whereas, manipulation of hydration 74 
status via intragastric rehydration with water replicated typical physiological (i.e. 75 
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hyperosmotic hypovolemia) and perceptual (i.e. increased thirst and RPE) 76 
consequences of hypohydration (28), possibly accounting for the conflicting 77 
performance responses between the two methodologies.  78 
The results of the two studies using intragastric rehydration (2, 28) indicate a negative 79 
effect of hypohydration on aerobic exercise performance when the physiological and 80 
perceptual consequences of hypohydration are replicated. Thus, at least part of the 81 
negative effect of hypohydration in the unblinded literature can be explained by the 82 
physiological consequences of hypohydration. However, whether an individual’s 83 
negative expectations of hypohydration on performance further exacerbate the 84 
decrement in the unblinded literature (i.e. a nocebo effect) cannot be ascertained, as 85 
no research has directly compared the effect of blinded and unblinded hypohydration 86 
on exercise performance. Given the size of this potentially confounded literature, this 87 
is an important consideration that may be of substantial consequence for the 88 
interpretation of this previous research. 89 
Therefore, the purpose of the present study was to investigate the effect of moderate 90 
hypohydration (~3% body mass) in both blinded and unblinded groups on cycling time 91 
trial performance in the heat in trained cyclists, with hydration status manipulated by 92 
intragastric infusion of water in the blinded group. It was hypothesised that 93 
hypohydration would impair cycling time trial performance in both blinded and 94 
unblinded groups, but the impairment in performance would be greater in the 95 
unblinded group.  96 
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Methods 98 
Subjects  99 
Fourteen trained, non-heat acclimated, male cyclists/triathletes completed this study, 100 
which received institutional Ethics Committee approval. Before commencement of the 101 
study, subjects provided written consent and completed a medical screening 102 
questionnaire. Subjects were pair-matched according to V̇O2peak and assigned to one 103 
of two groups, a blinded (B) or unblinded (UB) group of similar physical characteristics 104 
(P≥0.364; Table 1). Initially, subjects were allocated to the blinded group, with those 105 
unable to insert the nasogastric tube (n=2) and those providing a pair-match, allocated 106 
to the unblinded group. Originally, 8 subjects were recruited for the blinded group, but 107 
one subject was unable to complete the time trial of their second experimental trial, 108 
which was the hypohydrated trial. Subjects completed a preliminary trial, 109 
familiarisation trial and two experimental trials at the same time of day (standardised 110 
within subjects and between 08:00-09:30) in a randomised and counterbalanced order. 111 
All trials were undertaken between November and May in Loughborough, UK, and 112 
were separated by 7-14 days.  113 
Table 1. Subject characteristics for blinded and unblinded groups.   
 Blinded (B) Unblinded (UB) 
Age (y) 26 ± 5 26 ± 6 
Height (m) 1.82 ± 0.10 1.84 ± 0.06 
Body mass (kg) 73.6 ± 6.6 75.2 ± 8.4 
Body fat (%) 9.8 ± 1.8 9.4 ± 1.9 
V̇O2peak (mL∙kg-1∙min-1) 62.5 ± 5.2 64.1 ± 4.3 
Wpeak (W) 348 ± 43  372 ± 54 
Relative Wpeak (W∙kg-1) 4.7 ± 0.4 4.9 ± 0.4 
Training history   
          Cycling experience (y) 6 ± 2 6 ± 3 
          Training volume (h∙week-1) 8 ± 4 9 ± 4 
Data are mean ± SD. n = 7 blinded; n = 7 unblinded.   
 114 
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 115 
Pre-Trial Standardisation  116 
Subjects recorded their dietary intake and physical activity for the 24 h preceding their 117 
first experimental trial, and replicated these patterns before the second experimental 118 
trial, with adherence verbally checked. Strenuous exercise or alcohol intake were not 119 
permitted during this period. The day before trials, subjects were provided with 40 mL 120 
water∙kg body mass-1 of water and were instructed to consume the water or the 121 
equivalent amount of fluid as a minimum. Any additional fluid was recorded and 122 
replicated before the second trial. Subjects consumed a standardised pre-trial 123 
breakfast providing 1 g carbohydrate∙kg body mass-1 and 8 mL water∙kg body mass-1 124 
(consisting of cereal bars, orange juice and water) 1.5 h before arrival at the laboratory.  125 
Preliminary Testing 126 
During the first visit, body mass (AFW-120K, Adam Equipment Co., UK), height and 127 
body fat (Skinfold thickness at biceps, triceps, sub-scapula and supra-iliac; 16) were 128 
measured. Cycling peak oxygen uptake (V̇O2peak) and power output (Wpeak) were 129 
determined (Lode Excalibur Sport, Groningen, The Netherlands) using a progressive 130 
exercise test commencing at 95 W and increasing by 35 W every 3 min until volitional 131 
exhaustion. After completion of the maximal exercise test, subjects assigned to the 132 
blinded group were familiarised with the insertion of an 8 g nasogastric tube (Sonde 133 
Gastro-Duodenal Type Levin, Vygon Ltd., UK). Subjects then cycled (31˚C, 40% 134 
relative humidity) for 15 min at 50% Wpeak with nude, towel-dried body mass measured 135 
before and after. A practice of the time trial was then completed. Body mass change 136 
in the 15 min was used to determine water intake in the second preliminary visit.  137 
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During the second visit, subjects completed a familiarisation trial, identical to 138 
experimental trials, but water was infused through the nasogastric tube (B group) or 139 
orally ingested (UB group) at a rate estimated to induce ~1% hypohydration. This level 140 
of fluid intake/infusion was chosen to minimise the risk of hypohydration/ 141 
hyperhydration developing from the extrapolation of sweat rates from the 15 min 142 
exercise in the first trial. This trial was used to determine water loss during the 2 h 143 
preload from body mass change minus mass loss through expired CO2 (37), and was 144 
used to determine the water volume provided in experimental trials.  145 
Experimental Trials  146 
Upon arrival, a flexible 20-gauge cannula was inserted into an antecubital/forearm vein 147 
for subsequent blood sampling. The cannula was kept patent by flushing with sterile 148 
saline following samples, as well as at 30 and 90 min of exercise. Subjects in the 149 
blinded group then nasally inserted an 8 g nasogastric tube to a depth estimated to 150 
reach the base of their stomach. Subjects then voided their bladder into a plastic 151 
container, before nude body mass was recorded. The osmolality of this urine sample 152 
was immediately determined (Osmocheck, Vitech Scientific, UK), with a urine 153 
osmolality of <900 mOsm∙kg H2O-1 required for trial continuation (4). No subject 154 
produced a sample >650 mOsm∙kg H2O-1. Thereafter, subjects entered a climatic 155 
chamber maintained at 31.1 ± 0.2 ˚C and 47.6 ± 3.8 % relative humidity. After 15 min 156 
seated rest on the cycle ergometer a blood sample was taken. Subjects then 157 
completed 120 min cycling at 50% Wpeak (preload). During the preload of all trials, 158 
subjects drank 0.2 mL water∙kg body mass-1 every 10 min, with additional water either 159 
infused through the nasogastric tube (B-EUH) or drank (UB-EUH) every 3 min in 160 
euhydrated trials in a volume estimated to replace sweat losses. All water 161 
infused/drank in both groups was held in a water bath at ~37˚C. This was required to 162 
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prevent the detection of water infusion in the blinded group. During hypohydrated trials, 163 
no additional fluid or a small amount of additional water was infused (B-HYP) or drank 164 
(UB-HYP) so ~3% body mass loss developed. Additional blood samples were taken 165 
at 60 min and 120 min of the preload. Subjects towel dried before nude body mass 166 
was recorded, and the nasogastric tube was removed from the blinded group. Subjects 167 
then completed a ~15 min cycling time trial with the cycle ergometer set to linear mode, 168 
a protocol with previous good test-retest reliability (CV of ~1-4%)  in trained cyclists 169 
(27, 30). The target amount of work for the time trial was set so that if the subject 170 
cycled at 75% Wpeak the time trial would take 15 min. This was calculated by the 171 
following formula:  172 
Target amount of work [J] = 0.75∙Wpeak∙900 173 
The linear mode was determined such that the subject’s preferred cadence would 174 
produce ~75% Wpeak (30). The only information available to the subject was work 175 
completed and target work. No encouragement was provided during the time trial, and 176 
a screen separated the subject from the investigator to minimise peripheral 177 
distractions. The only interaction with subjects was to notify them when each 25% of 178 
the time trial was completed using standard wording. Facing wind (5.9 ± 0.2 m∙s-1) was 179 
provided during the preload and time trial via two fans (50 cm diameter, one aimed at 180 
the lower and upper half of the body). After the time trial, a blood sample was collected, 181 
and nude body mass recorded.   182 
Heart rate (M400, Polar Electro, Finland) was recorded pre-exercise, every 15 min 183 
throughout the preload, and every 25% of the time trial. Gastrointestinal (GI) 184 
discomfort, stomach fullness and thirst sensation (all 10-point scale; 28), as well as 185 
thermal sensation (-10 to +10 scale; 31) were recorded at pre-exercise, 60 min, 120 186 
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min and immediately post time trial. Rating of perceived exertion (RPE; 9) was 187 
recorded at 60 min, 120 min and post time trial. Expired gas samples (1 min) were 188 
collected at 10 min, 60 min and 120 min using the Douglas bag method, with O2 and 189 
CO2 content (Servomex 1400 Gas Analyzer, Servomex), volume (Harvard Dry Gas 190 
Meter, Harvard Apparatus) and temperature determined. Ambient air was collected 191 
simultaneous with expires gas samples to correct VO2 and VCO2 values (8). 192 
Carbohydrate and fat oxidation rates were determined using the method of Frayn (23). 193 
Subjects ingested a radio-telemetry pill (CorTemp, HG Inc.) the evening (~10pm) 194 
before experimental trials; and gastrointestinal temperature was recorded pre-195 
exercise, every 15 min during the preload, and every 25% of the time trial. Skin 196 
temperature (chest, tricep, thigh and calf) was measured using an infrared 197 
thermometer (thermometer LS, Micro-Epsilon) and was recorded pre-exercise, every 198 
30 min during the preload, and immediately post time trial, and was used to calculate 199 
mean weighted skin temperature (42). Ambient temperature, relative humidity and 200 
facing wind speed (Kestrel 4400, Nielsen-Kellerman Co.) were recorded pre-exercise, 201 
60 min, 120 min and post time trial.  202 
Study Blinding   203 
Subjects in the blinded group were informed that the purpose of the study was to 204 
investigate different drink compositions on cycling performance, and that the 205 
nasogastric tube was to blind subjects from the taste and texture of the drinks. The 206 
nasogastric tube was positioned behind the ear and taped onto the upper back, so 207 
water was infused out of sight of the subject. In the blinded hypohydration trials (B-208 
HYP) the investigator dummy infused water every 3 min in a manner identical to B-209 
EUH trials. To determine the success of the blinding, subjects in the blinded group 210 
were interviewed upon completion of the study. Subjects assigned to the unblinded 211 
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group were provided with a different participant information sheet and informed 212 
consent form informing them of the true purpose of the study.  213 
Sample Analysis  214 
From each blood sample, 1 mL was dispensed into tubes containing K2 EDTA (1.75 215 
mg·L–1). This was used to determine haemoglobin concentration and haematocrit via 216 
the cyanmethemoglobin method and microcentrifugation, respectively. These values 217 
were used to estimate changes in blood, red cell and plasma volume, relative to pre-218 
exercise (15). Additionally, 4.5 mL of blood was dispensed into a serum tube and left 219 
to clot at room temperature, with serum separated by centrifugation (1700 g, 10 min, 220 
4°C), refrigerated and analysed for osmolality via freezing-point depression (Gonotec 221 
Osmomat 030 Cryoscopic Osmometer; Gonotec, Germany).  222 
Statistical Analysis   223 
Data were analysed using SPSS (version 23, SPSS Inc.) and were initially checked 224 
for normality of distribution using a Shapiro-Wilk test. Pre-trial measures, performance 225 
data, heart rate, gastrointestinal temperature, expired gas data, blood parameters and 226 
subjective feelings questionnaires were analysed using a two-way (Group*Trial) or 227 
three-way (Group*Trial*Time) repeated measures ANOVA. Where the assumption of 228 
sphericity was violated, the degrees of freedom were corrected using the Greenhouse-229 
Geisser estimate. Where Group effects were not present, group data were collapsed 230 
together for further analysis. Significant interaction effects were followed-up by post-231 
hoc paired t-tests (within group) or independent samples t-tests (between groups) for 232 
normally distributed data, and Wilcoxon signed rank tests (within group) or Mann-233 
Whitney U tests (between groups) for non-normally distributed data. The familywise 234 
error rate was controlled using the Holm-Bonferroni correction. In the absence of any 235 
12 
 
data to inform the size of the anticipated effect, the sample recruited was in line with 236 
previous studies in this area using a similar parallel group design (31), and of a size 237 
that has been shown adequate to detect differences between hydration status in 238 
blinded studies (2, 28). Data sets were accepted as being significantly different when 239 
P≤0.05. All data are as mean ± SD, unless stated otherwise.  240 
  241 
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Results  242 
Trial Conditions 243 
No differences were present for relative humidity (P=0.623), ambient temperature 244 
(P=0.112) or facing wind speed (P=0.560) between trials. There were no differences 245 
between trials for pre-trial body mass (B-EUH 73.3 ± 6.4 kg, B-HYP 73.2 ± 6.4 kg; UB-246 
EUH 75.1 ± 7.5 kg, UB-HYP 75.3 ± 8.2 kg; P=0.563), thirst sensation (P=0.539; Figure 247 
1C) or serum osmolality (P=0.895; Figure 1B), indicating subjects were in a similar 248 
hydration state at the beginning of trials.  249 
Hydration Status Measurements  250 
Total fluid ingested or infused during the preload was similar between groups (B-EUH 251 
2.0 ± 0.3 L, B-HYP 0.2 ± 0.1 L; UB-EUH 2.1 ± 0.4 L, UB-HYP 0.2 ± 0.0 L; P=0.596). 252 
The preload induced similar changes in body mass between groups (P=0.895), and 253 
changes in body mass were greater with hypohydration (B-EUH -0.6 ± 0.5 %; B-HYP 254 
-3.0 ± 0.5 %; UB-EUH -0.5 ± 0.3 %; UB-HYP -3.0 ± 0.3 %; P<0.001). Sweat loss during 255 
the preload was similar between groups and trials (B-EUH 2.2 ± 0.6 L, B-HYP 2.2 ± 256 
0.4 L; UB-EUH 2.3 ± 0.5 L, UB-HYP 2.3 ± 0.4 L; P≥0.633). Sweat loss during the time 257 
trial was similar between groups (P=1.000), but was higher with euhydration (B-EUH 258 
0.5 ± 0.1 L, B-HYP 0.4 ± 0.1 L; UB-EUH 0.6 ± 0.1 L, UB-HYP 0.4 ± 0.1 L; P<0.001).  259 
Changes in plasma volume (P=0.379), blood volume (P=0.919) and serum osmolality 260 
(P=0.783) were similar between groups. Plasma volume (Figure 1A) and blood volume 261 
(data not displayed) decreased throughout all trials (P<0.001) but decreased to a 262 
greater extent with hypohydration (P≤0.017). Serum osmolality was greater at 60 min, 263 
120 min and post time trial with hypohydration (P≤0.012; Figure 1B). There was a trial 264 
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by time by group interaction effect for thirst sensation (P=0.004; Figure 1C). In the 265 
blinded group, thirst sensation was higher at 120 min and post time trial with 266 
hypohydration (P≤0.034), whereas in the unblinded group, thirst sensation was higher 267 
at 60 min, 120 min and post time trial with hypohydration (P≤0.048). Post-hoc tests 268 
revealed no differences within euhydrated or hypohydrated trials between groups for 269 
thirst sensation (P≥0.112; Figure 1C).  270 
 271 
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 272 
Figure 1. (A) change in plasma volume, (B) serum osmolality and (C) thirst sensation for euhydrated 273 
(EUH) and hypohydrated (HYP) in blinded (B) and unblinded (UB) groups. † indicates HYP 274 
significantly different from EUH; # indicates HYP significantly different from EUH, blinded group; ‡ 275 
indicates HYP significantly different from EUH, unblinded group.  276 
 277 
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Preload Physiological Responses 278 
Heart rate increased throughout the preload for all trials (P<0.001) and the response 279 
was similar between groups (P=0.825; Figure 2A). Heart rate was higher with 280 
hypohydration from 30 min to the end of the preload (P≤0.009). Gastrointestinal 281 
temperature response was similar between groups (P=0.192; Figure 2B) and was 282 
higher with hypohydration at 105 min and 120 min of the preload (P≤0.040). Skin 283 
temperature response was similar between groups (P=0.271). There was a trial by 284 
time interaction effect for skin temperature (P=0.022), however, post-hoc tests 285 
revealed no differences (P≥0.126; Figure 2C).  286 
VO2 increased throughout the preload during all trials (P<0.001), but there were no 287 
group, trial or interaction effects (P≥0.153; data not displayed). Carbohydrate oxidation 288 
decreased throughout the preload in all trials (P<0.001) and was lower with 289 
euhydration (B-EUH 2.01 ± 0.67 g∙min-1; B-HYP 2.19 ± 0.39 g∙min-1; UB-EUH 2.00 ± 290 
0.41 g∙min-1; UB-HYP 2.31 ± 0.37 g∙min-1; P=0.004). Conversely, fat oxidation 291 
increased throughout the preload in all trials (P<0.001) and was higher with 292 
euhydration (B-EUH 0.66 ± 0.29 g∙min-1; B-HYP 0.58 ± 0.20 g∙min-1; UB-EUH 0.64 ± 293 
0.27 g∙min-1; UB-HYP 0.55 ± 0.22 g∙min-1; P=0.007). Carbohydrate oxidation was 294 
lower with euhydration at 10 min (EUH 2.27 ± 0.54 g∙min-1; HYP 2.49 ± 0.38 g∙min-1; 295 
P=0.032) and 120 min (EUH 1.61 ± 0.62 g∙min-1; HYP 2.01 ± 0.35 g∙min-1; P=0.046), 296 
and tended to be lower at 60 min (EUH 2.05 ± 0.61 g∙min-1; HYP 2.23 ± 0.47 g∙min-1; 297 
P=0.067). Fat oxidation was not different between trials at 10 min (EUH 0.48 ± 0.25 298 
g∙min-1; HYP 0.42 ± 0.19 g∙min-1; P=0.184) or 60 min (EUH 0.65 ± 0.30 g∙min-1; HYP 299 
0.59 ± 0.23 g∙min-1; P=0.118), but tended to be greater at 120 min with euhydration 300 
(EUH 0.85 ± 0.30 g∙min-1; HYP 0.70 ± 0.19 g∙min-1; P=0.058).  301 
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302 
Figure 2. (A) heart rate, (B) gastrointestinal temperature and (C) skin temperature during the preload 303 
and time trial for euhydrated (EUH) and hypohydrated (HYP) trials in blinded (B) and unblinded (UB) 304 
groups. † indicates HYP significantly different from EUH.  305 
 306 
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Time Trial  307 
Time trial performance was similar between groups (P=0.710) and was slower with 308 
hypohydration (P≤0.001; Figure 3A). All subjects had a decrement in performance with 309 
hypohydration (range: -2.1% to -18.0%; Figure 3A), and the decrement in performance 310 
was present within the blinded (-11.4 ± 4.2 %; P=0.001) and unblinded (-10.1 ± 6.8 %; 311 
P=0.013) groups. To determine the pacing strategy of the time trial, the time taken to 312 
complete each 25% segment was recorded. Pacing was similar between groups 313 
(P=0.790) and was slower with hypohydration for all four segments of the time trial 314 
(P≤0.004; Figure 3B).  315 
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 316 
Figure 3. (A) group and individual completion times and (B) pacing in 25% segments for euhydrated 317 
(EUH) and hypohydrated (HYP) time trials for blinded (B) and unblinded (UB) groups. † indicates HYP 318 
significantly different from EUH.  319 
 320 
There was a trial by time interaction effect (P=0.001) for heart rate, with heart rate 321 
higher (P=0.016) at the end of the time trial with euhydration (Figure 2A). There were 322 
no group, trial or other interaction effects (P≥0.568) for heart rate during the time trial. 323 
Gastrointestinal temperature was higher (P=0.031) with hypohydration throughout the 324 
time trial; there were no differences between groups (P=0.742); or interaction effects 325 
(P≥0.526; Figure 2B).  326 
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Subjective Measures 327 
RPE increased throughout all trials (P<0.001) and was similar between groups 328 
(P=0.716) and between trials at 60 min and post time trial (P≥0.116), but was greater 329 
with hypohydration at 120 min (P=0.006; Figure 4A). Thermal sensation increased 330 
(P<0.001) throughout all trials but was not different between groups (P=0.862) or trials 331 
(P=0.212; Figure 4B). GI discomfort was not different between groups (P=0.707) or 332 
trials (P=0.150; Figure 4C). There was a trend for a trial by time interaction effect 333 
(P=0.056), with GI discomfort increasing marginally over the course of the preload of 334 
all trials and more so post time trial with hypohydration, however, ratings of GI 335 
discomfort remained low throughout all trials (Figure 4C). Stomach fullness was not 336 
different between trials (P≥0.223). However, there was a trend for a group effect 337 
(P=0.053; Figure 4D), with stomach fullness tending to be greater at all time points 338 
during blinded trials (5 ± 2) compared to unblinded trials (4 ± 2).  339 
 340 
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341 
Figure 4. (A) rating of perceived exertion, (B) thermal sensation, (C) GI discomfort and (D) stomach 342 
fullness for euhydrated (EUH) and hypohydrated (HYP) trials in blinded (B) and unblinded (UB) groups. 343 
† indicates HYP significantly different from EUH.  344 
 345 
Perception of Trials 346 
Of the seven subjects, two thought hydration status might have been manipulated 347 
towards the end of their second experimental trial, with one subject thinking 348 
carbohydrate intake might have been manipulated alongside hydration. However, 349 
neither of these subjects were certain that hydration status was the intervention. Of 350 
the other five subjects, four believed the conditions were carbohydrate vs. 351 
water/placebo, while one believed the conditions were caffeine vs. water. Removal of 352 
the two subjects who thought hydration might have been manipulated did not influence 353 
the interpretation of the time trial performance (group*trial interaction P=0.911), or 354 
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meaningfully alter the performance decrement in the B group (n=5; -10.9 ± 4.9 %; 355 
P=0.010).  356 
  357 
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Discussion  358 
The purpose of the present study was to investigate how knowledge of hydration 359 
status influences the effect of hypohydration on cycling time trial performance in 360 
trained cyclists in the heat. The main findings were that hypohydration equivalent to 361 
~3% body mass impaired time trial performance in the heat, and contrary to our 362 
hypothesis, the decrement in performance was similar between blinded (~11%) and 363 
unblinded (~10%) groups. These findings yield new and important insight into how 364 
hypohydration influences aerobic performance in the heat and for the first time 365 
demonstrates that knowledge of hydration status does not exacerbate the negative 366 
performance consequences of hypohydration. This is vital for the interpretation of the 367 
many previous studies that have not blinded subjects and suggests these previous 368 
studies are not likely to be confounded by the overtness of the methods used to induce 369 
hypohydration, at least with hypohydration of ~3% body mass.  370 
These results agree with the findings of two other recent studies using a similar method 371 
to blind subjects to their hydration status (2, 28), providing further evidence of a true 372 
negative effect of hypohydration on aerobic performance. On the other hand, the 373 
results of the present study contrast the findings of two other studies that blinded 374 
subjects to their hydration status using intravenous infusion of fluid (12, 50). These 375 
conflicting findings among blinded hydration studies might be related to the methods 376 
used to induce changes in hydration status.  377 
Wall et al. (50) manipulated rehydration in the 2 h after exercise-heat induced 378 
hypohydration (~3% body mass loss) to produce hypohydration equivalent to 0% (i.e. 379 
euhydration), 2% or 3% body mass loss. Subjects were rehydrated with approximately 380 
isotonic fluids only (i.e. no oral rehydration), meaning serum osmolality and thirst 381 
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sensation remained elevated at levels equivalent to ~3% hypohydration, irrespective 382 
of hydration status. Furthermore, likely due to the infusion of fluids in all trials, 383 
hypovolemia was not present in any of the hydration states post-rehydration. Similarly, 384 
Cheung et al. (12) used intravenous infusion of approximately isotonic saline 385 
(combined with mouth rinse to manipulate thirst, but no oral rehydration) to replace 386 
sweat losses during a 90-min cycling preload, inducing hypohydration equivalent to 387 
~0.5% and ~2.2% body mass. Again, serum osmolality did not differ between 388 
euhydrated and hypohydrated conditions. Both of these studies (12, 50) reported 389 
cycling time trial performance in the heat was similar between trials. In contrast, the 390 
present study, together with previous intragastric rehydration studies (2, 28) suggests 391 
that intragastric rehydration combined with a small amount of oral rehydration, 392 
effectively blinds subjects to their hydration status and replicates typical hypohydrated 393 
responses. 394 
These studies that have used intragastric rehydration have all observed decrements 395 
in aerobic performance in the heat with hypohydration. James et al. (28) reported work 396 
completed in a 15 min cycling performance test was reduced by ~8% with 397 
hypohydration (~2.4% body mass), while Adams et al. (2)  reported performance in a 398 
5 km uphill cycling time trial was reduced by ~6% with hypohydration (~2.2% body 399 
mass). The present study extends these previous findings by confirming, in the same 400 
study, that blinding hydration status via manipulation of intragastric rehydration 401 
replicates typical physiological, perceptual and performance responses observed 402 
when hydration status is manipulated by overt oral rehydration. The finding that the 403 
decrement in performance was similar between blinded and unblinded groups in the 404 
present study indicates that previous unblinded research in this area conducted in the 405 
heat does not appear to be confounded by a lack of study blinding. Additionally, the 406 
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negative impact of hypohydration on aerobic performance does not appear to be 407 
further exacerbated by a nocebo effect, at least at 3% hypohydration.  408 
It is likely that hypohydration impairs aerobic performance by a combination of 409 
physiological and perceptual effects. Consistent with the literature, hypohydration 410 
increased cardiovascular strain, demonstrated by an increase in heart rate from 30 411 
min onwards in the preload (Figure 2A) (38). Although cardiac output and stroke 412 
volume were not measured, the increased heart rate was likely to compensate for a 413 
decreased stroke volume driven by the hypovolemia present (25, 38). The typically 414 
reported increase in core temperature with exercise-induced hypohydration (38, 45) 415 
was apparent in the present study towards the end of the preload (Figure 2B). Previous 416 
research has demonstrated that hypovolemia influences venous and arterial 417 
baroreception, causing peripheral vasoconstriction and reduced skin blood flow, while 418 
hyperosmolality influences sudomotor drive and reduces sweat rate, both hindering 419 
thermoregulation (21, 22, 39, 45). The warm environment (~31°C) used in the present 420 
study likely exacerbated the performance decrement caused by hypohydration (31). 421 
Previous research assessing hypohydration in temperate conditions indicates the 422 
hypohydration-induced decrement in performance remains (13, 18, 34). Given that 423 
heat exacerbates hypohydration-induced performance decrements (31) it seems 424 
unlikely a nocebo effect would be present in temperate but not warm conditions. While 425 
we provided facing airflow (~21 km∙h-1) to invoke a degree of convective cooling, it 426 
was less than that expected if cycling outdoors at similar workloads, potentially 427 
influencing thermoregulation (44). Wall et al. (50) used facing airflow similar to 428 
expected cycling speed (~32 km∙h-1), but still reported increased core temperature with 429 
hypohydration in the later stages of the time trial. This suggests provision of adequate 430 
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convective cooling during exercise does not prevent the negative thermoregulatory 431 
consequences of hypohydration. 432 
The present study used unacclimated subjects, and given that heat acclimation 433 
increases plasma volume (41), heat acclimation may, at least partially, protect against 434 
hypohydration-mediated decrements in aerobic performance. While this is a 435 
hypothesis that has not been explored experimentally, previous research has reported 436 
performance decrements with hypohydration in subjects who are acclimated/ 437 
acclimatized (6, 7, 47) or not (2, 3, 28, 51). Therefore, it seems unlikely that the 438 
unacclimated status of the subjects in the present study influenced the results 439 
observed, but this is something that certainly warrants further investigation. 440 
Furthermore, hypohydration impairs performance in trained (2, 17, 34, 51) and 441 
untrained (11, 13, 28, 36) subjects, suggesting training status per se does not mitigate 442 
the performance effects of hypohydration. Interestingly, one study has suggested that 443 
habituation with the protocol used to induce hypohydration attenuates the negative 444 
performance effects (20). These habituation effects were reported during running, 445 
where, given the weight-bearing nature of the activity, the negative effects of 446 
hypohydration might be masked/off set by the positive effects of weight loss. Thus, 447 
whether these habituation effects translate to cycling, where weight has a lesser 448 
impact on performance (at least on the flat) is unknown and should be the focus of 449 
future studies. 450 
Carbohydrate oxidation was elevated with hypohydration during the preload (~2.25 451 
g∙min-1 vs ~2.00 g∙min-1). This suggests, as previously reported (26, 33, 34), 452 
hypohydration increased glycogen utilisation, consequently reducing glycogen 453 
availability at the onset of the time trial. This equates to ~30 g of glucose and potentially 454 
contributed to the reduced self-selected exercise intensity during the time trial (43). 455 
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Other mechanisms that may contribute to decreased performance with hypohydration 456 
include reduced muscle (24) and cerebral (49) blood flow, and increased perceived 457 
exertion and thirst (10). In the present study, RPE was greater with hypohydration at 458 
the end of the preload in both blinded and unblinded groups (Figure 4A). The factors 459 
that contribute to changes in RPE, not just with hypohydration, remain unclear and 460 
multifactorial (1). However, afferent sensory feedback from elevated heart rate, 461 
gastrointestinal temperature, serum osmolality, or thirst, as well as hypovolemia 462 
induced by hypohydration, could have influenced RPE and consequently performance.  463 
Thirst is an important response to hypohydration as it prompts water acquisition (19) 464 
and possibly influences exercise performance (5). At 60 min of the preload (~1.5% 465 
body mass loss in hypohydrated trials) thirst was similar between trials in the blinded 466 
group, but different between trials in the unblinded group. By 120 min, thirst was 467 
significantly different between trials in both blinded and unblinded groups (Figure 1C). 468 
This suggests that perceptual responses (like thirst) might be susceptible to a 469 
nocebo/placebo effect when hypohydration is small, meaning the performance 470 
responses reported here might not translate to lower levels of hypohydration. 471 
Interestingly, Adams et al. (2) assessed hypohydration independent of thirst by 472 
providing 25 mL water every ~5 min in trials, reporting performance was impaired by 473 
~6%  with no difference in thirst between hypohydrated and euhydrated trials. It is 474 
worth noting that the results of Adams et al. (2) do not demonstrate that thirst is not 475 
involved in the performance impairment caused by hypohydration, but that the effects 476 
of hypohydration are not entirely mediated by thirst. In this regard, the difference in 477 
thirst between trials in the blinded group is likely important for effectively reproducing 478 
the symptoms associated with euhydration/hypohydration (and matching responses in 479 
unblinded group) and consequently performance responses. Whilst, differential thirst 480 
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perception between trials might increase the chance that subjects figuring out the true 481 
aim of the study. However, this did not appear to be the case, as whilst 2 subjects 482 
thought that hydration status might have been manipulated, neither was certain and 483 
removal of their data did not change the study findings or the performance responses.  484 
Intragastric infusion of water bypasses steps in the normal fluid ingestion process, 485 
including the activation of oropharyngeal receptors and the act of swallowing, which 486 
have potential associated physiological effects. One such effect is the modulation of 487 
sweating by ingestion of fluid (48). In the present study there were no differences in 488 
sweat rate between the blinded and unblinded groups or euhydrated and 489 
hypohydrated conditions. This suggests that the small amount of fluid (0.2 mL∙kg body 490 
mass-1) consumed every 10 min during the preload (in both blinded conditions and 491 
hypohydrated unblinded condition) may have provided sufficient activation of 492 
oropharyngeal receptors or sufficient swallowing stimulus to mitigate these 493 
thermoregulatory effects.  494 
In conclusion, this study demonstrates that intragastric water infusion is an effective 495 
method to blind subjects to manipulations in hydration status during exercise and 496 
produced the typical physiological and perceptual responses to hypohydration. 497 
Hypohydration of ~3% body mass impaired cycling time trial performance in the heat 498 
in trained cyclists, regardless of whether they were aware of their hydration status. 499 
Thus, at least at ~3% body mass loss, there does not appear to be a nocebo effect 500 
associated with hypohydration during exercise, suggesting previous unblinded 501 
research inducing a similar level of hypohydration during exercise in the heat is 502 
unlikely to be confounded by a lack of study blinding.  503 
 504 
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Figure legends 689 
Figure 1. (A) change in plasma volume, (B) serum osmolality and (C) thirst 690 
sensation for euhydrated (EUH) and hypohydrated (HYP) in blinded (B) and 691 
unblinded (UB) groups. † indicates HYP significantly different from EUH; # indicates 692 
HYP significantly different from EUH, blinded group; ‡ indicates HYP significantly 693 
different from EUH, unblinded group. 694 
Figure 2. (A) heart rate, (B) gastrointestinal temperature and (C) skin temperature 695 
during the preload and time trial for euhydrated (EUH) and hypohydrated (HYP) trials 696 
in blinded (B) and unblinded (UB) groups. † indicates HYP significantly different from 697 
EUH.  698 
Figure 3. (A) group and individual completion times and (B) pacing in 25% segments 699 
for euhydrated (EUH) and hypohydrated (HYP) time trials for blinded (B) and 700 
unblinded (UB) groups. † indicates HYP significantly different from EUH.  701 
Figure 4. (A) rating of perceived exertion, (B) thermal sensation, (C) GI discomfort and 702 
(D) stomach fullness for euhydrated (EUH) and hypohydrated (HYP) trials in blinded 703 
(B) and unblinded (UB) groups. † indicates HYP significantly different from EUH.  704 
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